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1.  Introduction 


In  the  literature,  one  of  the  most  cited  examples  of  a  natural  superhydrophobic 
surface  is  the  lotus  leaf  {Nelumbo  nucifera).  The  static  contact  angle  of  water 
droplets  placed  on  the  surface  of  the  lotus  leaf  is  160°.^  Superhydrophobic  surfaces 
have  potential  applications  in  self-cleaning  surfaces,^  corrosion-resistant  materials, 
low-friction  surfaces,^  and  for  use  as  thermal  diodes."^ 


Artificial  hydrophobic  surfaces  are  inspired  by  naturally  occurring  water-repellent 
surfaces,  such  as  the  lotus  leaf  and  the  wings  of  a  cicada. In  cases  when  the  energy 
of  the  surface  on  which  a  water  droplet  is  resting  is  lower  than  the  surface  energy 
inside  the  droplet,  the  surface  will  tend  toward  hydrophobicity.  It  has  been  found  that 
creating  a  low-energy  surface  on  a  2-phase  substrate  with  2-phase  roughness  (nano 
and  micrometer  scale)  will  tend  to  create  a  superhydrophobic  surface.^ 


The  characterization  of  hydrophobicity  is  done  by  measuring  the  contact  angle  of  a 
drop  of  water  on  the  surface.  The  wettability  of  a  surface  can  be  assessed  by 
measuring  the  contact  angle  (cr)  formed  between  a  droplet  of  liquid  and  the  surface 
(Fig.  1).  Qualitatively,  surfaces  with  a  water  contact  angle  less  than  90°  can  be 
considered  hydrophilic,  and  surfaces  with  a  water  contact  angle  greater  than  90° 
are  hydrophobic.^  In  reviewing  the  literature,  there  seems  to  be  a  consensus:  a 
surface  is  superhydrophobic  if  the  contact  angle  exceeds  150°.^’^ 


o<  90° 

/.  hydrophilic 


o  =90° 


Fig.  1  Contact  angle 


o  >  90° 

/.  hydrophobic 


The  contact  angle  can  be  modeled  using  Young’s  equation  shown  as  Eq.  1. 
Minimization  of  Gibb’s  free  energy  can  be  related  to  the  balance  of  the  interfacial 
interaction  energies,  which  is  given  in  Eq.  1 .  The  interfacial  energy  between  the  solid 
surface  (gray  in  Eig.  1)  and  the  gas  (air)  is  ysG,  the  interfacial  energy  between  the 
solid  and  liquid  is  ysL,  and  the  interfacial  energy  between  the  liquid  and  the  gas  is 
Ylg.  Typically  in  an  experiment,  ylg  and  ysG  are  static  and  ysL  is  modified  through 
changes  in  the  surface  morphology  and/or  surface  chemistry.  The  angle  (a)  is  then 
measured  as  depicted  in  Eig.  1  and  used  to  measure  the  solid-liquid  interface  energy. 

Ysg-Ysl-YlgCOS(j  =  0  .  (1) 
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2.  Technical  Approach 


In  this  research  we  use  the  method  described  by  Larmour^  to  prepare 
superhydrophobic  surfaces.  This  is  a  relatively  simple  process  that  consists  of  3 
steps.  The  first  step  is  the  substrate  preparation,  where  the  copper  (Cu)  surface  is 
clean  of  contaminants  and  its  oxide  layer.  Next,  silver  (Ag)  is  deposited  using 
electrodeless  electrochemical  deposition  to  form  a  rough  surface  with  a  fractal-like 
geometry.  Finally,  the  surface  chemistry  is  modified  from  a  hydrophilic  chemistry 
(oxide)  to  a  hydrophobic  surface  using  a  fluorinated  (or  protonated)  self-assembled 
monolayer  (SAM).  Chemical  attachment  to  the  Ag  surface  is  accomplished  with  a 
thiol  end  group. 

The  goals  of  this  work  were  to  provide  a  deeper  insight  into  the  3  steps  in  this 
process.  More  specifically,  the  types  of  substrates  that  can  be  used  to  synthesize 
superhydrophobic  surfaces  (i.e.,  electrodeposited,  evaporated,  and  bulk  metal)  and 
the  deposition  conditions  for  the  silver  and  SAM  layer  were  investigated.  The  high 
rates  of  water  removal  from  superhydrophobic  surfaces  via  the  jumping  droplet 
mechanism  and  contact  angle  were  investigated  as  a  method  to  increase  heat 
removal  from  a  Cu  tube. 

2.1  Electrodepostion 

The  substrates  used  for  our  electrochemical  deposition  were  2-inch-diameter 
304-2B  stainless  steel  discs  supplied  by  Q-Lab  Corporation.  The  as-received  discs 
were  polished  using  1 ,200-grit  silicon  carbide  sandpaper,  rinsed  for  several  seconds 
with  ethanol,  then  rinsed  for  several  seconds  with  deionized  (DI)  water,  and  finally 
dried  with  compressed  filtered  nitrogen.  Prior  to  the  electrochemical  deposition,  the 
sample  was  selectively  masked.  The  back  side  of  the  sample  was  masked  off  with 
Kapton  tape  to  avoid  plating  on  this  “back”  surface  and  a  horizontal  strip  across  the 
middle  of  the  front  of  the  disk.  The  front  piece  allowed  for  a  distinct  cutoff  between 
the  plated  half  and  unplated  half  of  the  disc,  giving  an  overall  surface  area  of  10. 13 
cm^  to  be  plated.  The  resultant  step  edge  from  the  deposited  Cu  to  the  stainless  steel 
substrate  was  later  used  (postdeposition)  to  measure  the  deposited  Cu  film  thickness 
with  atomic  force  microscopy  and  stylus  profilometry. 

The  plating  solution  used  was  obtained  by  combining  200  mL  of  0.0 1-M  Cu  II 
sulfate,  50  mL  of  1-M  sodium  sulfate,  and  50  mL  of  0.1-M  sulfuric  acid  in  a  500- 
mL  beaker.  According  to  the  Pourbaix  diagram  for  Cu,  an  acidic  solution  can  help 
ensure  that  the  various  oxides  of  Cu  are  avoided  during  the  deposition  process  so 
that  only  a  uniform  layer  of  the  2+  oxidation  state  of  Cu  is  deposited  on  to  the 
substrate.  At  25  °C  only  a  mildly  acidic  solution  is  required  (pFI  <  5.5);  as  such,  the 
solution  used  was  able  to  be  kept  between  a  pH  of  2  and  3,  well  below  the  required 
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limit.  The  electroplating  process  of  Cu  in  this  environment  is  diffusion  limited,  a 
small  (3.5  cm)  polyethylene-coated  magnetic  stir  bar  was  left  running  during  the 
entire  process  at  roughly  300-500  rpm  to  maintain  a  low-compliance  voltage 
between  0.7  and  1  V.  Significantly  higher  compliance  voltages  can  cause  secondary 
electrochemical  reactions  to  occur,  such  as  the  electrolysis  of  water  and  the 
evolution  of  hydrogen. 

To  decrease  the  contact  resistance  between  the  disc  and  the  cathode  wire  of  the 
potentiostat,  a  1-cm^  piece  of  Cu  foil  was  used.  The  foil  was  polished  with  600  then 
1,200  grit  sandpaper  and  rinsed  for  several  seconds  with  acetone  followed  by 
ethanol  then  DI  water.  The  foil  was  then  folded  around  the  top  of  the  unmasked 
portion  of  the  disc. 

The  cathode  wire  was  attached,  via  clean  alligator  clip,  to  the  Cu  foil  on  the  stainless 
steel  disc;  the  anode  wire  was  similarly  attached  to  a  clean  high-quality  Cu  bar 
(dimensions  8  x  2  x  0.5  cm).  We  then  mounted  both  the  anode  and  the  cathode, 
using  electrical  tape,  into  a  custom  sample  holder  made  of  high-density 
polyethylene.  This  sample  holder  was  designed  to  fit  the  500-mL  beaker,  ensuring 
the  sample  and  Cu  anode  were  secure  and  that  the  front  surfaces  were  parallel. 
Using  a  3-pronged  lab  clamp,  we  next  lowered  the  sample  holder  into  the  agitating 
plating  solution  so  that  the  disc  was  half  submerged  in  plating  solution  and  neither 
of  the  alligator  clamps  was  in  contact  with  the  solution. 


The  calculation  of  deposition  rates  of  Cu  was  solved  using  Eq.  1 ,  which  was  derived 
from  Faraday’s  laws  of  electrolysis: 


R 


IxM 

F  X  z  X  D  X  A 


xlxlO’ 


nm 
cm  ’ 


(2) 


where 

R  =  deposition  rate  (nm/s) 

/  =  current  (mA) 

M  =  molar  mass  of  Cu  (63.54  g/mol) 

F  =  Faraday’s  constant,  (96485  C/mol) 
z  =  oxidation  number  (Cu  II  =  2) 

D  =  density  (Cu  at  room  temperature  8.96  g/cm^) 

A  =  area  on  which  to  be  deposited  (cm^) 

To  ensure  the  growth  of  a  uniform  Cu  layer  on  the  stainless  steel  substrate,  the  cell 
was  initially  run  for  1 1  min  in  galvanostatic  stepper  mode  with  a  cycled  current  of 
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0.5  mA  for  16  ms  then  0  mA  for  4  ms.  Using  Eq.  1,  we  find  that  the  expected  yield 
of  Cu  thickness  is  10  nm. 

Immediately  following  the  stepped  deposition,  the  potentiostat  was  switched  to 
direct  galvanostatic  mode  and  run  at  20-mA  current,  giving  a  current  density  of 
1 .97  mA*cm'^,  for  22  min  and  45  s,  for  a  calculated  Cu  thickness  of  990  nm. 

The  Cu-plated  substrate  was  removed  from  the  holder,  rinsed  with  D1  water  for 
10  s,  then  dried  with  compressed  filtered  nitrogen.  The  Kapton  tape  was  then 
carefully  removed. 

2.2  Copper  Cleaning  Silver  Deposition 

To  produce  the  first  tier  of  the  requisite  2-tiered  roughness  for  superhydrophobicity, 
the  Cu  surfaces  described  previously  were  immersed  in  a  0.1 -M  aqueous  solution 
of  hydrochloric  acid  for  1  min.  The  samples  were  then  rinsed  with  D1  water  for 
several  seconds  and  dried  with  filtered  nitrogen.  The  samples  were  then  immersed 
in  0.0 1-M  aqueous  solution  of  silver  nitrate  for  20  s.  The  deposition  occurs  because 
of  the  displacement  of  Cu  to  the  silver  ions,  Cu  +  2AgN03  Cu(N03)2  +  2Ag. 
The  reaction  is  diffusion-limited,  so  the  solution  was  agitated,  via  swirling,  to  allow 
for  an  even  coverage  of  silver  over  the  treated  surface  of  the  substrate.  It  was  found 
early  on  that  if  agitation  was  not  employed  an  uneven  webbing  pattern  of  silver 
formed  on  the  surface  of  the  substrate.  The  samples  were  then  rinsed  with  D1  water 
for  several  seconds  and  dried  with  filtered  nitrogen. 

2.3  SAM  Deposition 

The  final  step  involved  the  deposition  of  a  self-assembled  monolayer  onto  the 
silvered  surface  of  the  substrate.  In  following  with  previous  procedures  carried  out 
at  Duke  University,  solutions  were  made  using  dichloromethane;  however,  several 
tests  showed  that  ethanol  could  be  a  suitable  solvent.  The  silvered  samples  were 
immersed  in  0.001-M  lH,lH,2H,2H-perfluorodecanethiol,  in  dichloromethane,  for 
10  min,  rinsed  with  dichloromethane,  then  ethanol,  then  D1  water,  and  then  dried 
with  nitrogen. 

Water  contact  angles  were  measured  to  be  less  than  170°. 

In  a  separate  experiment,  a  polished  Cu  pipe  was  treated  with  hydrochloric  acid, 
silver  nitrate,  and  fluorinated  SAM  as  above. 
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3.  Results/Analysis 


The  top  image  in  Fig.  2  shows  the  0.25-inch-diameter  Cu  tube  coated  with  the 
superhydrophobic  surface.  The  bottom  image  shows  an  untreated  0.25-inch- 
diameter  Cu  tube.  Cold  water  enters  the  inner  diameter  of  the  tubes  from  the  left 
and  exits  to  the  right.  As  the  water  transits  the  tube,  it  absorbs  heat  from  the 
surrounding  warm/moist  air  (30  °C  at  -100%  relative  humidity).  At  a  flow  rate  of 
4  gal/h  (or  -4.2  g  of  H2O/S),  the  temperature  increases  through  the 
superhydrophobic  coating  (SHC)  tube  and  untreated  tube  are  1°  ±  0.1  °C  and  0.5° 
±0.1  °C,  respectively.  Using  the  heat  capacity  of  water  4.18  J/g-centigrade,  we  can 
readily  calculate  the  total  power  heating  the  water  to  be  17.8  ±  1.8  W  for  the  SHC- 
treated  tube  and  8.8  ±  1.8  W  for  the  untreated  tube.  It  is  hypothesized  that  the 
difference  in  the  heat  transfer  rate  is  due  to  the  insulating  properties  of  the 
condensed  water  layer  on  the  outer  diameter  of  the  tube. 


Thinner 

Insulating 
Layer  of 
.Condensed 
Water 


Thermal  Conductivity 


Copper  Acu=  400  W/m-K 


Vs. 


Fig.  2  Enhanced  heat  transfer  from  snperhydrophohic  coating 


From  the  images  it  can  be  seen  that,  on  average,  the  STIC  tube  has  smaller-diameter 
water  droplets  than  the  untreated  tube,  where  the  size  of  the  condensate  on  the  SHC 
is  on  the  order  of  0.5  mm  versus  approximately  1  mm  on  the  untreated  tube.  The 
exact  water  layer  thickness  is  difficult  to  ascertain,  but  it  is  clear  from  the  optical 
images  that  the  0.5-  to  1-mm  sizes  are  in  the  correct  size  regimes. 

Using  Eq.  2,  we  can  calculate  the  total  power  (heat)  transferred  across  a  material 
(Cu  in  this  case):  16,208  W.  We  have  assumed  that  both  the  heat  source  and  the 
heat  sink  are  modeled  as  having  infinite  thermal  conductivity.  The  total  power  in 
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watts  is  equal  to  the  eross-seetional  surfaee  area  (0.00253  m^)  of  the  exposed  outer 
surfaee  of  the  eold  Cu  tube  with  the  surrounding  hot  air  multiplied  by  the  thermal 
eonduetivity  of  Cu  (2cu  =  400  W/m»K)  and  the  temperature  differenee  {AT  =20  K) 
between  the  eold  water  within  the  Cu  tube  and  the  surrounding  air  divided  by  the 
thiekness  of  the  Cu  {tcu  =  0.813  mm). 


Power{watts)  = 


S-A.A,^T 


(3) 


Equation  4  gives  the  total  power  (heat)  transferred  aeross  a  Cu  tube  with  a  water 
layer  (eondensation)  on  the  outer  surfaee  of  the  Cu  tube.  In  our  setup,  the  eross- 
seetional  SA  again  is  equal  to  0.00253  m^,  the  thermal  eonduetivity  of  H2O  {2.h2o) 
is  0.58  W/m»K,  the  thermal  eonduetivity  of  Cu  (Icu  )  is  400  W/m»K,  the 
temperature  differenee  AT  is  20  K,  and  the  Cu  tube  wall  thiekness  (tcu)  is  fixed  at 
0.813  mm. 


Power{watts)  = 


S.AAT 

^Cu  I  C;0 

4cu  4^,0 


(4) 


The  blue  solid  eurve  in  Fig.  3  is  a  plot  of  Eq.  4  versus  water  layer  thiekness  {tnio). 
The  red  line  (dot-dash)  shows  the  thermal  eonduetivity  for  a  Cu  tube  as  determined 
using  Eq.  3.  The  horizontal  line  at  17.6  W  shows  the  measured  thermal  dissipation 
for  the  SHC  sample,  and  the  horizontal  line  at  8.8  W  shows  the  measured  thermal 
dissipation  for  the  uneoated  sample.  From  this  plot  it  is  elear  that  the  overall  thermal 
dissipation  is  strongly  dependent  on  the  water  layer  thiekness.  If  we  eorrelate  our 
measured  thermal  dissipation  (17.6  and  8.8  W)  with  the  theoretieal  water  layer 
thiekness,  we  get  approximately  1.1  and  2  mm,  respeetively.  Our  approximate 
water  layer  thiekness  estimated  from  the  images  in  Fig.  3  qualitatively  agrees  very 
well.  The  quantitative  differenees  ean  be  explained  by  some  of  our  model 
assumptions,  sueh  as  the  souree  and  sink  having  infinite  thermal  eonduetivity. 
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Water  Layer  Thickness  (|im) 

Fig.  3  Power  dissipated  vs.  water  layer  thickness 

4.  Conclusion 


We  have  shown  the  ability  to  eoat  nonplanar  substrates  (Cu  tubes)  with  an  SHC. 
The  condensed  water  droplets  on  these  SHC-treated  tubes  exhibited  jumping 
droplet  behavior.  We  observed  a  significant  difference  in  the  water  droplet  radius 
of  the  condensed  water  on  SHC  versus  uncoated  tubes.  The  SHC-coated  tubes 
exhibited  significantly  high  thermal  transport  rates.  The  enhanced  thermal  transport 
was  attributed  to  a  thinner  water  layer  on  the  surface  of  the  SHC  tubes.  The 
measurement  thermal  transport  was  modelling  using  a  relatively  simple  model 
consisting  of  2  conduction  materials  in  series  (Cu  and  water).  The  model  agreed 
quantitatively  with  the  observed  water  layer  thickness  and  the  measured  thermal 
transport,  indicating  the  very  strong  dependence  of  the  water  layer  thickness  on  the 
overall  thermal  transport. 
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